Poly(L-lactide) is a bioabsorbable polymer with high stiffness and strength compared to the other commercially available bioabsorbable polymers. The properties of poly(L-lactide) can be improved by straining, causing deformation-mediated molecular orientation. Poly(L-lactide) tubes were biaxially strained above their Tg for improvement of their strength, in a two-step process (sequential straining). Mechanical properties and crystal morphology were investigated as a function of processing strain rate and temperature. DSC revealed that a low processing strain rate allows molecular chain relaxation in the direction of strain and the crystallization is suppressed.
INTRODUCTION
Poly(L-lactide) (PLLA) belongs to a group of semi-crystalline polymers that exhibits slow crystallization. PLLA is well known for being biocompatible and bioabsorbable for use in medical devices [1] [2] [3] as well as being an environmentally friendly alternative to commodity polymers, currently used in the packaging industry [4] [5] [6] . Most of the semi-crystalline polymers, such as polypropylene and polyethylene terephthalate, can become oriented under deformation above the glass transition temperature (Tg) altering and improving the mechanical properties for a particular application 7, 8 . PLLA has promising potential as a substitute for some petroleum based polymers.
To widen the range of applications of PLLA improvement of the mechanical properties has been of high interest. The mechanical properties of PLLA can be improved through either axial or biaxial straining, which can induce oriented crystallization, chain orientation, fibrillary formation and cavitations 8, 10 . The behavior of strained semi-crystalline polymers strongly depends on the strain temperature and strain rate 11 . Previous studies have examined the influence of the extent of straining, the strain rate and strain temperature, but have only measured the stress-strain behavior during the strain 7, 9, [11] [12] [13] [14] [15] . The mechanical behavior of a strained material as a function of processing strain rate (ϵ ) or processing strain temperature (Tp) has not been reported. It is shown that an increase in strain rate induces a higher stiffness and yield stress, and crystallinity and induces orientation 16 during straining. Furthermore, an increase in crystallinity and orientation as a function of the extent of strain was also reported.
Our previous work has shown that it is possible to induce approximately 30 % crystallinity upon biaxial straining of tubes, and further orient the amorphous domain and the secondary binding between strain-induced crystals. The process improved the mechanical properties as a function of extent of straining 17 . The induced crystallinity adds to the strength of the materials, whereas the amorphous domain adds to the flexibility 18 . High crystallinity causes the material to become brittle, and to avoid this, the straining temperature must be kept between Tg and the cold crystallization temperature (Tcc). By processing at temperatures closer to Tg than Tcc the equilibrium crystallization of PLLA is severely suppressed, and the strain-induced crystallinity will dominate.
The objective of the present study was to determine the final mechanical and thermal behavior of sequential, biaxially strained PLLA tubes as a function of ϵ and Tp. The study shows how the mechanical properties of PLLA can be further improved and how the crystallization can be suppressed. followed by cooling. Some of these tubes were exposed to an additional transverse straining before cooling by injection of air (the sequential biaxial strain) as described by Løvdal et al 17 .
EXPERIMENTAL

Materials
Specimen preparation
Specimens for mechanical testing were cut from the tubes both circumferentially and axially along the tube with a width w = 5 mm and a length L = 18 mm. The cross-sectional area was determined as the average thickness times the width of the specimens.
Mechanical testing
Uniaxial tensile testing was performed according to ASTM D882 at a testing speed of 2.7 mm/min (testing strain rate, ϵ = 0.15/min) on an Instron 5564. Tensile testing was performed for specimens taken in both the axial and circumferential direction and tubes were pulled to fracture. Stress (σ) is calculated as force over the initial cross sectional area (A0) (σ ) and strain (ε) is the difference in length over the initial length (ϵ ∆ ). From the stress-strain curves, elastic modulus (E) was determined in the interval of 20-40 MPa and yield stress (σy) was determined as the local maximum. Statistically significant differences were defined at a confidence level of 5 %.
Differential scanning calorimetry (DSC)
A differential scanning calorimeter (NETZSCH DSC 200 F3 Maia) was used to determine the thermal properties using NETZSCH Proteus Analysis software v 6. 
Wide angle X-ray scattering (WAXS)
WAXS was used to determine the crystalline texture using a custom made 2D diffraction setup equipped with a rotating anode Cu Kα X-ray source, monochromatized and focused by 1D ).
The supplier (NatureWorks) has done sheet extrusion at 190 °C of the same material, which leads to an elastic modulus of 3.5 GPa, εb of 6 % and a yield strength of 60 MPa. The properties of the sheet are similar to what was obtained in the circumferential direction for a tube sequential biaxially strained at Tp = 73 °C but at a low ϵ (Figure 3c and f) . The highest elastic modulus and yield strength for biaxially strained tubes in this study is found at T=93 °C for ϵ 0. 
Thermal analysis
The mechanical behavior of a polymer is related to the morphology of the material 9 . The crystallinity and Tg obtained at each Tp and ϵ for axially or sequential, biaxially strained tubes are summarized in Table 1 and 2. As stated previously, the induced crystallinity depends on the straining temperature, the rate and the extent of strain. It is known that an axial strain of less than 100 % does not induce any crystallinity 22 which is also true for these particular PLLA tubes.
However from this study it was seen that in order to induce crystallinity, the ϵ must be higher than ϵ 0.2 s at any of the three given temperatures will either provide the molecular chains enough time to relax after axial strain or the ϵ may be too slow for the chains to become oriented before the sequential biaxial strain is applied. induces 34 % crystallinity in the polymer, yet the transverse strain applied to such axially strained tubes does not increase the crystallinity further.
A decreasing trend in Tg is seen for the axially strained tubes as a function of Tp (Figure 4b ), which is not detected for the biaxially strained tubes. The Tg for biaxially strained tubes is in general higher (Figure 4b ), which means that the sequential biaxial strain results in tubes with more oriented chains, and more energy is needed to mobilize the chains further.
Previously Wu et al 24 showed that the higher the ϵ , the larger the Tg, at least for higher strain temperatures (Tp = 100 °C). They also showed a slight decrease in crystallinity with increased ϵ . This is true for most sequential biaxially strained tubes in this study. In terms of mechanical behavior, Wu et al 24 also showed no change in stress-strain curves at Tp = 90 °C, despite a change in ϵ , which is not true for sequential biaxially strained tubes in this study. In this study increasing the Tp at a higher strain rate, reduces the elongation at break (ϵ ). This would normally be attributed to less mobility in the material if stretched at low temperatures or somewhat more rigid due to a higher degree of crystallinity. This is not the case for sequential biaxially strained tubes as the crystallinity for a ϵ 2.1 s -1 remains constant and the shorter ϵ is most likely related to a higher degree of cavitations or microvoids formed during the transverse strain.
Crystal orientation and crystal sizes
It has previously been shown that a sequential biaxial strain induces a low crystal orientation factor reduces the orientation factor as well (F2 = 0.03) (see Figure 5 ). When ϵ is large compared to the chain relaxation rate the crystallization is delayed. When ϵ is small compared to the chain relaxation rate the chain relaxes and no crystal orientation occurs, which was also detected at a ϵ 0.1 s It is thus seen that the enhancement of mechanical stiffness and strength for PLLA must be very sensitive to both the processing strain rate and the processing temperature. Both circumferential and axial stiffness and strength benefit from a high axial processing strain rate, as the molecular chains does not have enough time to relax during the axial strain. Additionally the process allows the material to become isotropic in terms of stiffness and yield strength as a result thereof.
CONCLUSION
Straining PLLA either through an axial or biaxial strain has proven to alter the crystal orientation and chain orientation, and possibly cause formation of fibrils and the appearance of cavitations, which improves the strength and stiffness significantly. Both increasing strain rate and temperature improve the strength and stiffness and orient the crystals. In this study, sequential biaxially strained PLLA tubes were processed at different temperatures and strain rates, and it was seen that PLLA must be processed above Tg but below 85 °C to ensure the formation of crystals. The initial axial strain-induced crystallinity is suppressed at higher processing strain temperatures (Tp = 85 °C and Tp = 93 °C). It is favorable to increase strain temperature to at least Tp = 85 °C and choose a lower strain rate by increasing chain relaxation, suppressing chain orientation process as well as straininduced crystallinity. At lower strain rates chain relaxation occurs and orientation of the amorphous chains during the axial strain is not realized. Lower strain rates would therefore induce a larger elastic modulus and yield strength circumferentially than axially, and the material appears anisotropic. Although it was possible to obtain an isotropic material at a processing strain rate of 2.1 s -1
, yet it did not yield the largest modulus or strength.
